The dynamics of capillary rise in a porous medium have been mostly studied in ini ally dry systems. As ini al satura on and ini al hydraulic condi ons in many natural and industrial porous media can be variable, it is important to inves gate the infl uence of ini al condi ons on the dynamics of the process. In this study, using dynamic pore-network modeling, we simulated capillary rise in a porous medium for diff erent ini al satura ons (and consequently ini al capillary pressures). Furthermore, the eff ect of hydraulic connec vity of the we ng phase in corners on the height and velocity of the we ng front was studied. Our simula on results show that there is a trade-off between capillary forces and trapping due to snap-off , which leads to a nonlinear dependence of we ng front velocity on ini al satura on at the pore scale. This analysis may provide a possible answer to the experimental observa ons in the literature showing a non-monotonic dependency between ini al satura on and the macroscopic front velocity.
In a capillary rise problem, the capillary force, as the major driving force, is counteracted by the gravitational force acting on the moving fl uid body. Th e equilibrium height of capillary rise depends on the pore size distribution, interfacial tension, and the densities of the fl uids.
Upward movement of a fl uid-fl uid interface in a capillary tube was the fi rst capillary rise problem that attracted the attention of scientists. Although Bell and Cameron (1906) were the fi rst to fi nd that the height of capillary rise in soil is almost proportional to the square root of time, the fi rst theoretical studies on capillary rise in a tube were done by Lucas (1918) and Washburn (1921) in two independent works. Based on these works, the time required for a wetting phase, with viscosity μ and density ρ, to reach height h in a single capillary with radius r is given by (Marmur and Cohen, 1997) ( ) where θ is the contact angle between the wetting phase and air at the solid wall, g is the absolute value of gravity, t is time, and σ nw is the interfacial tension. Th e maximum capillary rise will be determined by the gravitational force. Marmur and Cohen (1997) did not fi nd a linear relationship between −Bh − ln(1 − Bh) and A for a sandy porous medium.
Because a porous medium can be represented by an assembly of interconnected tubes, it may be tempting to use the Lucas-Washburn equation to describe capillary rise. As
The dynamics of imbibition are important for many industrial and agricultural applications. Dynamic pore-network simula ons show that snap-off can be the main mechanism for the nonlinear rela on between the wetting front velocity and the initial saturation, as observed experimentally as well, i.e., there is a trade-off between driving capillary forces and snap-off capillary forces.
expected, however, experimental works have shown that the Lucas-Washburn equation cannot predict well the capillary rise in a porous medium. Th is is mainly due to the absence of many porous media fl ow mechanisms (such as phase trapping, variable capillary pressures at the interfaces due to variable pore geometry, pore-level countercurrent fl ow of wetting and nonwetting fl uids in a pore, and a disperse wetting interface) in a single capillary tube. Th ese mechanisms cause signifi cant momentum dissipation as opposed to a single capillary tube. Lago and Araujo (2001) found that capillary rise vs. time in glass beads can be defi ned by two regimes. Th ey showed that the early stage can be explained by the Lucas-Washburn equation, while the second part is described by another analytical-empirical expression. Th ey compared their model to experimental data obtained from a glass-bead column. Such a distinct behavior in capillary rise was not found, however, in Berea sandstone. Lago and Araujo (2001) conjectured that invasion in glass beads starts with a pistonlike (viscous-dominated) movement and changes to a capillarydominated regime, where the Lucas-Washburn equation does not hold anymore. Th ese sets of experiments were simulated by Bijeljic et al. (2011) using a simple dynamic pore-network model. Th ey found a good agreement between numerical simulations and experimental results. Th ey approved the explanations of Lago and Araujo (2001) for these two fl ow regimes. Gombia et al. (2008) measured the capillary rise height (imbibition front) in Lecce stone for two diff erent wettability conditions using magnetic resonance imaging. Th ey suggested that infi ltration of the wetting fl uid may be delayed. Th us, they introduced a delay time into the Lucas-Washburn equation that could be fi tted well to their experimental data. Schoelkopf et al. (2002) argued that the original Lucas-Washburn equation cannot be applied to a porous medium because there exists many diff erent sizes of pore channels with variable lengths. Based on pore network modeling, they stated that with the inclusion of inertia eff ects in the Lucas-Washburn equation, the agreement between their pore-network model and experiments could be improved. Later, Ridgway et al. (2002) conjectured that the deviation from the Lucas-Washburn equation due to an inertia eff ect is stronger in fi ne materials with short pore throats; however, there are major simplifi cations in their pore-network analysis (explained next) that do not admit such a generalized statement.
In addition to the porous medium properties, such as pore space geometry and topology, the initial hydraulic conditions of the medium play a signifi cant role in capillary rise. Th e experimental results of Ijjas (1969) showed that the ultimate height of capillary rise in a dry soil was smaller than that in an initially wet soil. He conjectured that this diff erence was because of the signifi cant amount of energy needed for hydration in a dry soil. Moreover, the velocity of capillary rise was larger in the initially wet soil than the initially dry soil. Th us, the Lucas-Washburn equation, which underestimates the height of capillary rise in an initially dry soil (Lago and Araujo, 2001) , performed even worse for an initially wet domain.
Our objective was to investigate pore-scale mechanisms and the role of the initial hydraulic conditions that infl uence the capillary rise using a dynamic pore-network model, called DYPOSIT, which was fully described in Joekar-Niasar et al. (2010) and Joekar-Niasar and Hassanizadeh (2011a) . Th e DYPOSIT model includes major pore-scale mechanisms, such as countercurrent fl ow within the pores, capillary pinning, snapoff , pinch-off , piston-like movement, variable corner fl ow, variable capillary pressure, and mobilization of a blob. Th ese mechanisms have been schematically illustrated in Fig. 1 . Note that among these pore-scale mechanisms, only snap-off can cause the nonwetting phase to get disconnected. Th e model has been tested for a very wide range of dynamic conditions and viscosity ratios (Joekar-Niasar et al., 2010) . Th ere is a full consistency between the results of a quasi-static pore-network model and the dynamic pore-network model for gradual stepwise changes in pressure at the boundaries.
We investigated the eff ect of initial hydraulic conditions in a twophase system on the dynamics of capillary rise. Th e major objectives were to show the infl uences of the connectivity of the wetting phase on the saturation profi le, trapping of air, and macroscopic velocity of the wetting front.
Model Descrip on

Features of the Model
In development of the DYPOSIT model, we have tried to capture the essential features of multiphase fl ow in porous media. Th e major features of this model are as follows: Fig. 1 . Schematic presentation of various mechanisms that can be captured by the two-pressure algorithm of DYPOSIT model: two diff erent snapshots illustrating coalescences at Site A, the piston-like movement of the nonwetting phase at Site B, gradual receding of the nonwetting phase at Site C (variable capillary pressure), and break-up (snap-off ) at Site D due to a local nonwetting-phase pressure drop or local wetting-phase pressure increase.
1. Variable capillary interfaces: In a porous medium the pressure fi eld of the wetting phase is continuous and a change in the capillary pressure at a moving interface (due to variable pore sizes) may lead to receding of the wetting phase from other pores. Th is relaxation in the pressure fi eld will lead to an oscillation in capillary interfaces referred to as capillary pinning. Capillary pinning has been discussed in an empirical-analytical study by Lago and Araujo (2001) . Th is phenomenon has a major impact on the time of pore fi lling and is absent in the Lucas-Washburn relation and in the pore-network studies of Ridgway et al. (2002) and Schoelkopf et al. (2002) .
2. Bimodal pore size distribution: Morphological studies of natural porous media using imaging techniques have shown that the void space can be explained by a bimodal pore size distribution. A porous medium (e.g., glass beads, sand, or sandstone) is made of large pores (referred to as pore bodies) connected to each other through narrow pores (referred to as pore throats). Fluid-fl uid interfaces in pore bodies sustain smaller capillary pressures than those in the pore throats. During capillary rise, when capillary forces are the driving force, there will be a strong drop in capillary pressure as soon as the wetting phase enters a pore body. Th is will lead to a change in the wettingphase pressure and capillary pressures. Th is variation of capillary forces is absent in the Lucas-Washburn equation and those studies performed with this analogy. In several dynamic pore-network models (e.g., Dias and Payatakes, 1986; Ridgway et al., 2002; Schoelkopf et al., 2002 ; and for an extensive review, see Joekar-Niasar and Hassanizadeh, 2012a), pore bodies are not properly modeled and do not contribute to fl ow at all. Th is shortcoming ignores the physics associated with the variable capillary pressure in a pore body and capillary pinning and imposes a serious computational instability under a capillarydominated regime (Dias and Payatakes, 1986; Koplik and Lasseter, 1985) .
3. Angularity of the void space: Roughness of the solid phase and angularity of the void space is an important characteristics of any natural porous medium. If a porous medium is not fully dry, the wetting phase will exist along the edges of pores, forming a hydraulically connected path. If the wetting phase in the corners can accumulate, eventually there will be snap-off , i.e., the interfaces will coalesce, and the nonwetting phase may be trapped. Trapping of the nonwetting phase (air) will change the topology of the pore space available to the wetting-phase fl ow.
Th us, the drawback of many existing pore-network models is that they have only circular cross-sections for network elements. Th is does not allow a local countercurrent fl ow similar to, e.g., that in Bijeljic et al. (2011) and Ridgway et al. (2002) . In a circular cross-section, a gradual change in the hydraulic conductance of each phase is not possible and it behaves in an "on-off " fashion. In other words, capillary diff usion through the wetting corners will be excluded in such models. We have used the following governing equations and local rules to simulate the mechanisms explained above.
Two-Phase Flow Equa ons
Th e DYPOSIT model uses a Lucas-Washburn-type equation that is applicable for laminar Newtonian fl ow. Given a pore channel ij, the volumetric fl ux of phase α through the channel, Q ij α , is given as
where K ij α is the conductivity of the pore channel as a function of geometry and fl uid occupancy. Th e pressure of fl uid phase α (α = w or n for wetting or nonwetting, respectively) in a pore body i is denoted by p i α , ρ α is the density of fl uid α, and z i is the height of the pore body i compared with the benchmark. Th e positive fl ow direction is from pore body i to pore body j. Assuming incompressibility of the phases, the volumetric balance equation for pore body i is
where N i is the set of all pore throats connected to pore body i. It should be noted that because the pore throats' volume is much smaller than that of the pore bodies and interface movements in pore throats is faster than in pore bodies, the interface has not been tracked in pore throats. Th erefore, computationally much larger domains can be simulated. 
As presented in Joekar-Niasar and Hassanizadeh (2011a, Eq.
[21] and [23]), the capillary pressure in a pore with a predefi ned geometry is related to the geometry of the interface. Th e geometry of the interface is also related to the volume fraction of the nonwetting fl uid. For computational ease, the curvature is related to the local volume fraction of the phases (see below). Th us, we can rewrite Eq.
[4] as
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Th e equation of volume balance for phase α within a pore body may be written as
where V i is the volume of pore body i. Note that, given the fact that s i n + s i w = 1, summation of Eq.
[6] directly results in Eq.
[3].
To solve the pressure fi eld and change in saturation with time, an Implicit Pressure-Explicit Saturation (IMPES)-type formulation was used. In the original IMPES algorithm, the computation of pressure and saturation are split using one implicit system of equations for pressure and an explicit time approximation system of equations for saturation.
In our pore-network model, the pressure fi eld for each phase is solved (knowing the local pressure jump conditions). Knowing the pressure fi eld, a semi-implicit approach is used to update the saturation at any pore body.
It is known that explicit saturation updating in dynamic porenetwork models will introduce a numerical problem, especially for capillary-dominated and viscous fi ngering fl ow regimes (see, e.g., Koplik and Lasseter, 1985 , and refer to the review of dynamic network models by Joekar-Niasar and Hassanizadeh, 2012a). Although some studies have tried to resolve this problem using physically inconsistent assumptions (such as zero capillary pressure in pore bodies in Aker et al., 1998; Dias and Payatakes, 1986; Koplik and Lasseter, 1985; van der Marck et al., 1997) , the semiimplicit approach can resolve the problem without any ad hoc assumptions. Th e stability of the model for a wide range of fl ow conditions (from a capillary-dominated regime to a viscous-fi ngering regime) and a wide range of viscosity ratios was demonstrated in Joekar-Niasar et al. (2010) .
Local Rela ons
Th e Darcy-scale behavior of two-phase fl ow in porous media is strongly controlled by pore-scale mechanisms. Pore invasion, snap-off , trapping, and mobilization are some of these pore-scale mechanisms that should be included in pore-network modeling.
Th e DYPOSIT model considers critical capillary pressures for invasion and snap-off . Based on these two critical values, the model determines whether a pore throat is fi lled by both phases or only by the wetting phase. Based on the fl uid occupancy in a pore throat, which is controlled by the capillary pressure in a pore throat and its neighboring pore bodies, phase conductance for each phase is calculated. Capillary pressure in a pore throat determines the curvature of the interface. Knowing the interface geometry as well as the pore throat geometry, we can calculate the phase conductance in a pore throat for both wetting and nonwetting fl uids. Th ese values are then used to compose the coeffi cient matrix in the pressure solver.
Moreover, at any time step, the pressure jump at the interface of each pore body and pore throat should be calculated. Th us, it is necessary to calculate the relation between the capillary interface curvature and local fl uid volume fraction, as shown in JoekarNiasar and Hassanizadeh (2011a).
Mobilization of the capillary interfaces is another important phenomenon, which is dependent on the pore-level velocity. A discontinuous phase blob will be mobilized if the local capillary pressure in the downstream side of the blob can overcome the local entry capillary pressure. At the moment of invasion, due to the continuity of the pressure fi eld, an interface upstream will have to recede. Th e local capillary pressure, which is related to the curvature of the interface, is controlled by the local nonwetting-and wetting-phase pressure diff erence. Th is means that to include mobilization, the pressure gradient in both (continuous and discontinuous) phases should be calculated.
Details of the mobilization algorithm in the DYPOSIT model can be found in Joekar-Niasar and Hassanizadeh (2012b).
Specifi ca on of the Network, Fluids, and Boundary Condi ons
Th e network size was chosen to be 20 by 20 by 80 pore bodies. Th e network was made of octahedral pore bodies and parallelepiped pore throats. In this study, a lattice structure was generated. Th e network was oriented vertically along the gravity vector. It should be noted that our results were obtained for a very small system (<1-cm scale). Th e statistical distributions of the inscribed radii in the pore bodies and pore throats of the network are shown in Fig. 2 .
Constant pressures at the top and bottom were applied. At the bottom, the porous medium was fully saturated, with the wetting phase (water) pressure assigned to be zero. At the top, there was only the nonwetting phase (air) and its pressure was also set to be zero. Th e side boundary conditions were assumed to be periodic so that the coordination number in all pores was six and the pore bodies on the boundary were connected to the corresponding pore bodies on the other boundary.
Th e fl uids were assumed to be air and water, with densities and viscosities equal to μ n = 0.000015 Pa s, μ w = 0.001 Pa s, and ρ n = 1.225 kg/m 3 , ρ w = 998 kg/m 3 , respectively. Th e interfacial tension and contact angle were assumed to be 0.0725 N/m and 4°, respectively. Gravitational acceleration was set to g = 9.8 m/s 2 .
Model Scenarios
Simulations were performed for diff erent initial saturations. Moreover, for a given saturation, two simulations with diff erent assumptions related to the hydraulic connectivity of the wetting phase were performed: (i) an initially hydraulically connected corner fl ow scenario, whereby the wetting phase was connected everywhere, with very low but nonzero conductivity; and (ii) an initially hydraulically disconnected corner fl ow scenario, where the system was initially nonconductive to the wetting phase and had the same behavior as an initially dry domain. In the latter scenario, for our computational purposes, the hydraulic conductance of the wetting phase was set to zero in the pore throats. For brevity, these two scenarios are referred to here as initially connected (C) and initially disconnected (D).
It is important to note that in both systems, the initial capillary pressures of all interfaces were the same. In the initially disconnected system, these capillary interfaces did not communicate with each other, whereas in the initially connected domain they did. When the wetting phase in all pores is disconnected from the surrounding pores, the pressure fi eld in the wetting phase will be discontinuous and no relaxation in the capillary interfaces would be possible.
For the initially connected simulations, four initial saturations (and corresponding capillary pressures) were chosen at which all pores had been invaded by the nonwetting (air) phase. To determine these saturations, the characteristic capillary pressure-saturation (P c −S w ) curve for drainage for the given network and fl uids' properties was obtained fi rst. Th is curve, shown in Fig. 3 , was simulated using the quasi-static pore-network model explained in Joekar-Niasar and Hassanizadeh (2011b).
Capillary pressures equal to 6, 7, 8, and 10 kPa and the corresponding saturations were selected as the initial conditions. For the initially disconnected scenario, a residual saturation of 0.07 and corresponding capillary pressure of 7 kPa as the initial condition were assumed.
Results and Discussion
Capillary Rise at the Representa ve Elementary Volume Scale
To show the eff ectiveness of the pore-network model in simulating the capillary rise, the position of the wetting front was calculated for fi ve diff erent initial conditions. Th e results are shown in Fig. 4a . Th ese results were used to calculate the front velocity, as shown in Fig. 4b . Following Gombia et al. (2008) , h can be rewritten as a function of t in Eq.
[1]. Fitting this relation to the front position data, we did not fi nd a good agreement between the Lucas-Washburn equation and the data points (not presented here). Especially at later times, the Lucas-Washburn equation underestimated the front position. Th is also verifi es that the Lucas-Washburn equation needs to be modifi ed to be applicable to porous media studies, as concluded by Gombia et al. (2008) . Figure 4b shows that for an initial capillary pressure of 7 kPa, the velocity of the wetting front in an initially disconnected scenario is smaller than that of an initially connected one (in analogy with an initially dry vs. an initially wet domain, respectively). Th e diff erence is visible in our simulations even for such a small domain size. Th is is in agreement with the laboratory-scale experiments of Ijjas (1969) , who showed that with an increase in water content from 0 to 2%, the front velocity almost doubled in a sandy soil. Because he did not do experiments with diff erent initial water contents, unfortunately the nonmonotonic behavior cannot be studied.
Furthermore, there is a nonmonotonic correlation between the initial capillary pressure and front velocity. At time t = 1 s in Fig.  4b , the largest front velocity is found for Scenario 7 kPa(C) and the smallest for 6 kPa(C). For Scenarios 7 kPa(C), 8 kPa(C), and 10 kPa(C), the front velocity decreases with increasing initial capillary pressures. Th is trend is diff erent at earlier times.
Unfortunately, there is no micro-scale experimental observation for such a problem. Th us, we are not able to validate these results against micro-scale experimental data. Th e nonmonotonic relation between front velocity and initial conditions has been reported, however, in a laboratory-scale infi ltration experiment by Bauters et al. (2000) . Because our simulations did not show sensitivity to gravity at the network scale (not shown here), the results of our study can represent the infi ltration process at the micro-scale as well. Th us, a review of the results of Bauters et al. (2000) would bring new insights into the eff ect of the initial hydraulic conditions. Bauters et al. (2000) investigated the infi ltration of water into a sand column with dimensions 30 cm wide by 55 cm high by 0.94 cm deep. In their experiments, gravity and capillary forces were in concert. Th ey performed several experiments with 20/30 sand at diff erent initial water contents ranging from 0 to 0.14 (20/30 sand is a standard sand, predominantly graded to pass a 850-μm [no. 20] sieve and be trained on 600-μm [no. 30] and 150-μm [no. 100] sieves). A constant infi ltration rate of 2 cm 3 /min was applied through a needle on the sand surface, which can be comparable to the cross-sectional size of the pore network.
Th e macroscopic infi ltration front was visualized by x-ray imaging. Th e capillary pressure values corresponding to the initial saturations can be read off the drainage capillary pressure-saturation curve for 20/30 sand shown in Fig. 5a . As Fig. 5b shows, there is a nonmonotonic relation between the wetting front velocity at early times and initial saturation. Th e maximum wetting front velocity of 1.67 mm/s (10 cm/min) was found to occur at an initial saturation of 0.03. Th is velocity is larger than the velocity of the front in an initially dry domain. In spite of their interesting fi ndings, no fundamental explanation for this observation was provided by Bauters et al. (2000) . Furthermore, they found that the degrees of saturation behind the fronts were diff erent for diff erent initial conditions.
Obviously, with a decrease in capillary pressure during infi ltration, as well as in the capillary rise problem, the driving force in the medium decreases. Th e infi ltration experimental data show, however, that there is a critical saturation (i.e., a critical capillary pressure) at which the maximum front velocity is observed. Starting with a dry medium, the front velocity increases if the initial saturation increases. Th is is because of an increase in conductivity. Th ere will be more trapped air in the medium, however, with the decrease in the initial capillary pressure. Below a critical capillary pressure, the trapping will not change signifi cantly while the capillary force will decrease. Th us, the front velocity will decrease.
Analysis of Capillary Rise Considering the Ini al Condi ons
For a better understanding of the role of the initial hydraulic conditions, we compared the results of Scenarios 7 kPa(C) and 7 kPa(D). Figures 4a and 4b show that for the same initial saturations (and the same capillary pressures), the front velocity in Scenario 7 kPa(D) was smaller than that in Scenario 7 kPa(C). Note that only the hydraulic connectivity in these two scenarios is diff erent.
Two hypotheses can be proposed for this result: (i) in an initially connected network, the infl ow rate is larger; or (ii) a reduction in the pore volume available to fl ow due to trapped air causes a faster apparent front velocity. Th ese two hypotheses are discussed below.
Hypothesis 1: In an Ini ally Connected Network, the Infl ow Rate Is Larger
To examine this hypothesis, we performed simulations at initial capillary pressure of 7 kPa for two diff erent scenarios: initially connected and disconnected. Th e infl ow rates for these two scenarios, shown in Fig. 6 , do not show a signifi cant diff erence. We note that boundary conditions in both scenarios, i.e., saturations at the boundary, were the same (= 1).
Th e trend of velocity vs. time is qualitatively in agreement with the experimental data reported by Lago and Araujo (2001) . Th ey plotted the wetting front velocity vs. time in packed beads with characteristic diameters between 150 and 250 μm. Th e wetting front velocity at earlier times is plotted in the inset in Fig. 6 . Th e magnitude of the wetting front velocity is much smaller than the front velocity in our simulations (Fig. 4b ) because we were representing results for very early times (1 s), and the pore sizes, initial capillary pressures, initial saturation distribution, and pore space properties are diff erent.
Initially, the temporal trends of the fl ow velocity in both systems are identical. Because the medium is fi lled with air with a small viscosity, the resistance of the network is initially small. In later stages, however, water fi lls the domain and causes much more hydraulic resistance. Th is resistance becomes stronger if the wetting phase is connected everywhere.
Based on our analysis, we can conclude that the larger wetting front velocity in the connected scenario cannot be due to the larger infl ow rate, as the infl ow rates in both scenarios are the same.
Hypothesis 2: Reduc on of Pore Volume Available to the Flow Due to Trapped Air Causes Faster Apparent Front Velocity
When the wetting fl uid is everywhere connected, even with very low conductivity, it will bulk gradually with invasion of the wetting phase. Th is growth of the wetting corner fl ow will increase the probability of snap-off compared with the initially disconnected system. Th is will lead to more trapped nonwetting (air) phase, reducing the pore space available to fl ow. Given the equal infl ow velocities in both scenarios, decreasing available pore space will increase the apparent wetting-phase front velocity.
Th is can be illustrated by examining the saturation profi les in the three scenarios shown in Fig. 7a, 7b , and 7c.
Two points are interesting in these saturation profi les:
1. In an initially disconnected system, the saturation profi le behind the front is almost constant (at least in the early stage of capillary rise in Fig. 7a ). With an increase in initial capillary pressure, similar results are obtained (Fig.  7c ), but in an initially connected domain (Fig. 7b) , the saturation along the network is decreasing. Th is is because signifi cant snap-off happens and the trapped phase cannot be swept out. Th us, trapping may be the major reason that causes the macroscopic wetting-phase front to move faster. In other words, the wetting effi ciency in the disconnected system is higher. Th is can be seen by comparing threedimensional presentations of saturation snapshots in the networks ( Fig. 8a and 8b for initially disconnected and initially connected domains, respectively). As can be seen, Lago and Araujo (2001) . Th e full band of the data scatter for these grain sizes is shown by upper and lower bound curves, which were redrawn from the early stage data of Lago and Araujo (2001, Fig. 10) .
at the same saturation of 50%, the wetting-phase front in the initially connected system is closer to the upper boundary, while the boundary pore velocities in both cases are the same. Signifi cantly more trapped air is visible in the initially connected system than the initially disconnected system due to the snap-off in pore throats.
2. Front roughness in the initially disconnected system is somehow stronger than in the initially connected system. Furthermore, the gray-scale depth ahead of the wetting front shows that a stronger roughness (irregularity) at the front of the initially disconnected system.
Referring back to the results presented in Fig. 5 , our analysis implies that there is a trade-off between capillary trapping, active capillary forces that cause suction, and corner fl ow conductance. It is known that in any imbibition capillary pressure-saturation curve, there is a capillary threshold value above which the trapping does not change signifi cantly. Moreover, with decreasing capillary pressure, the driving force of the medium will decrease. Th us, the nonmonotonic dependence of the front velocity on the initial capillary pressure (and consequently the initial saturation) is probably due to the fact that, at a critical capillary pressure, the infl uence of decreasing capillary force will overweigh the trapped air eff ect.
Conclusions and Summary
Using a dynamic two-phase fl ow pore-network model (DYPOSIT), we simulated the capillary rise of water in a porous medium. Th e model includes the most important pore-level invasion mechanisms such as capillary pinning, snap-off , mobilization of the nonwetting phase, pinch-off of the wetting phase, pore-level countercurrent fl ow, piston-like movement, corner fl ow, and capillary diff usion (Joekar-Niasar and Hassanizadeh, 2011a).
Capillary rise was simulated for four diff erent initial saturations and two diff erent assumptions for corner water connectivity. In one case, we considered an initially disconnected system (with wetting-phase permeability set to zero). Th e lack of connectivity of the wetting phase simulated an initially dry porous medium. In the second case, an initially connected system was considered, where very small conductivity was assigned to the wetting phase. Th is simulated an initially wet porous medium. It is important to note that in both systems, the initial capillary pressures of all interfaces were the same. In the initially disconnected system, these capillary interfaces did not communicate with each other, whereas in the initially connected domain they did. It should be noted that Fig. 7 . Longitudinal saturation (S w ) profi les at diff erent time steps for identical networks with diff erent initial conditions: (a) initial capillary pressure (P c ) = 7 kPa and corner wetting phase initially disconnected[ (b) initial P c = 7 kPa and corner wetting phase initially connected; and (c) initial P c = 10 kPa and corner wetting phase initially connected. Fig. 8 . Th ree-dimensional representations of air and water distribution in the network at an overall wetting-phase saturation of 0.5: (a) initially disconnected and (b) initially connected domains. Th e wetting front velocity in the initially connected domain is larger than in the disconnected system. Th e spreading ahead of the wettingphase front in the initially disconnected system is due to the more pronounced roughness (irregularity) of the front compared with the initially connected case.
our results were obtained for a very small system (approximately centimeter scale), with water and air as the fl uids.
Our results show that for the same initial saturations (and capillary pressures), the macroscopic front velocity in the initially connected system was larger than that of the initially disconnected system. Th is is not because of the larger active capillary forces but because of the reduction in void space available to fl ow due to the trapping of air. Th e probability of the trapping is larger in an initially connected system than in an initially disconnected system due to snap-off . Th us, a macroscopic wetting-phase front will travel faster in an initially connected domain.
Th e wetting front was found to be a nonmonotonic function of the initial saturation (or initial capillary pressure). Starting with a dry medium, the front velocity increased if the initial saturation increased. Th is is because of an increase in conductivity; however, there will be more trapped air in the medium with decreasing initial capillary pressure. For capillary pressures smaller than a critical capillary pressure, the trapping will not change significantly while the capillary force will decrease. Th us, the front velocity will decrease.
Th e Lucas-Washburn equation was originally developed for a single capillary and does not deliberately address all physical processes in a network of capillaries. Fitting the Lucas-Washburn relation to the pore-network simulation results had the same shortcoming as reported in the literature at the macroscopic scale.
Our simulation results show that the agreement declines with increasing initial saturation, where the pressure fi eld relaxation in the wetting phase and trapping can make the fl ow pattern more complex than a fully dry porous medium.
We should note that although gravitational forces were included in the simulations, much larger domains are required to show the eff ect of gravitational forces on capillary rise. Th at was not possible due to computational limitations for single-processor simulations. Including gravity at a larger physical scale will dampen fi ngering but probably not aff ect the dependence of the front velocity on the initial conditions, especially at early times.
